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We evaluated whether a simplified human microbiota consortium (SIHUMI) induces colitis in germfree (GF) 129S6/SvEv (129)
and C57BL/6 (B6) interleukin-10-deficient (IL-10/) mice, determined mouse strain effects on colitis and the microbiota, ex-
amined the effects of inflammation on relative bacterial composition, and identified immunodominant bacterial species in “hu-
manized” IL-10/ mice. GF wild-type (WT) and IL-10/ 129 and B6 mice were colonized with 7 human-derived inflammatory
bowel disease (IBD)-related intestinal bacteria and maintained under gnotobiotic conditions. Quantification of bacteria in feces,
ileal and colonic contents, and tissues was performed using 16S rRNA gene selective quantitative PCR. Colonic segments were
scored histologically, and gamma interferon (IFN-), IL-12p40, and IL-17 levels were measured in supernatants of unstimulated
colonic tissue explants and of mesenteric lymph node (MLN) cells stimulated by lysates of individual or aggregate bacterial
strains. Relative bacterial species abundances changed over time and differed between 129 and B6 mice, WT and IL-10/ mice,
luminal and mucosal samples, and ileal and colonic or fecal samples. SIHUMI induced colitis in all IL-10/ mice, with more
aggressive colitis and MLN cell activation in 129 mice. Escherichia coli LF82 and Ruminococcus gnavus lysates induced dominant
effector ex vivo MLN TH1 and TH17 responses, although the bacterial mucosal concentrations were low. In summary, this study
shows that a simplified human bacterial consortium induces colitis in ex-GF 129 and B6 IL-10/ mice. Relative concentrations
of individual SIHUMI species are determined by host genotype, the presence of inflammation, and anatomical location. A subset
of IBD-relevant human enteric bacterial species preferentially stimulates bacterial antigen-specific TH1 and TH17 immune re-
sponses in this model, independent of luminal and mucosal bacterial concentrations.
Inflammatory bowel diseases (IBD), including Crohn’s disease(CD) and ulcerative colitis, appear to result from overly aggres-
sive immune responses to a subset of commensal enteric bacteria
in genetically susceptible hosts (1, 2). Commensal enteric bacteria
have an essential role in driving immune-mediated experimental
inflammation in the distal intestine (1, 3–6). Most germfree (GF)
genetically susceptible rodents exhibit absent intestinal inflamma-
tion or immune activation under GF conditions but rapidly de-
velop chronic colitis and pathogenic immune responses to com-
mensal bacteria after colonization with specific-pathogen-free
(SPF) enteric bacteria (5–8).
An altered intestinal microbial composition (dysbiosis) is as-
sociated with intestinal inflammation in human IBD and with
cases of acute and chronic rodent experimental enterocolitis har-
boring complex enteric microbiotas, which are characterized by
decreased bacterial diversity and an altered ratio of dominant bac-
terial species (9, 10). In addition, rodent models monoassociated
with bacteria relevant to the dysbiosis of IBD, such as certain Esch-
erichia coli, Enterococcus faecalis, Bacteroides vulgatus, and Bacte-
roides thetaiotaomicron strains, demonstrated that single intestinal
bacteria can selectively induce host inflammation and also pro-
vided insights into underlying disease mechanisms (6, 11–13).
Nevertheless, the study of specific bacterium-host interactions
by use of conventional and monoassociated rodent models has
some limitations. The microbiotas of conventional animal models
are too complex and variable to easily define and manipulate the
functionally dominant component species and strain. In addition,
monoassociated mice do not reflect the actual situation in the
distal intestine, where different bacterial groups reciprocally inter-
act with each other and the host in multiple ways. To resolve these
shortcomings, new animal models with defined, interacting intes-
tinal microbiotas need to be developed.
Recently, several studies described the development of alterna-
tive rodent models of a simplified human microbiota, showing
stable microbial and metabolomic characterization (14, 15). To
study IBD-related microbiota-host interactions at a more com-
plex yet defined level, in preliminary studies we established a sim-
plified human microbiota consortium (SIHUMI), composed of 7
well-characterized and sequenced human-derived and IBD-re-
lated enteric bacteria, in wild-type (WT) mouse strains and dem-
onstrated that it forms a stable community in the mouse intestine
that is maintained under gnotobiotic conditions (16).
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In this study, we colonized interleukin-10-deficient (IL-10/)
and WT mice on two different genetic backgrounds (129S6/SvEv
[129] and C57BL/6 [B6]) with SIHUMI to address the following
aims: (i) to evaluate whether SIHUMI induces colitis in GF IL-
10/ mice on both strain backgrounds, (ii) to determine murine
genetic background strain effects on colitis and the microbiota,
and (iii) to examine the effects of intestinal inflammation on rel-
ative bacterial compositions of colonized 129 and B6 WT and
IL-10/ mice. Our results show that a well-characterized defined
human bacterial consortium, SIHUMI, induced colitis in ex-GF
IL-10/ mice, with more aggressive colitis in 129 than in B6 mice;
that enteric concentrations of individual SIHUMI species are de-
termined by host genetic background, anatomical distribution
within the distal intestine, and the presence of colonic inflamma-
tion; and that human enteric bacterial strains differentially stim-
ulate murine immune responses, with no direct correlation be-
tween luminal bacterial species concentration and the ability to
induce mucosal effector immune responses in IL-10/ mice. Hu-
manized gnotobiotic mice with SIHUMI or other defined human
bacterial consortia provide a valuable tool to study the inflamma-
tory and protective roles and mechanisms of action of individual
bacterial strains from IBD patients.
MATERIALS AND METHODS
Mice and bacterial species. GF IL-10/ and WT control mice (on both
the inbred 129 and B6 backgrounds) were derived and maintained in the
National Gnotobiotic Rodent Resource Center (NGRRC), University of
North Carolina (UNC) at Chapel Hill. Mice were colonized at 8 to 12
weeks of age with 7 human-derived and IBD-related intestinal bacterial
strains (SIHUMI), namely, E. coli LF82 (isolated from the ileum of a CD
patient by Arlette Darfeuille-Michaud) (17), E. faecalis OG1RF (18), Ru-
minococcus gnavus ATCC 29149, Bacteroides vulgatus ATCC 8482, Faeca-
libacterium prausnitzii A2-165, Lactobacillus plantarum WCFS1, and Bifi-
dobacterium longum subsp. longum ATCC 15707, by oral gavage on day 0
and day 3. Bacterial species of the SIHUMI were selected based on the
following criteria: reported to be altered in IBD patients or to affect ex-
perimental colitis, human origin, availability of genomic sequence, and
able to form a stable community in rodents. Animal use protocols were
approved by UNC Institutional Animal Care and Use Committees.
Histological scoring and colonic tissue fragment and mesenteric
lymph node (MLN) cell cultures. Mice were killed 6 and 12 weeks after
colonization with SIHUMI. At necropsy, sections of the cecum, proximal
colon, and distal colon were fixed in 10% neutral buffered formalin, embed-
ded in paraffin, and stained with hematoxylin and eosin (H&E). Histologic
analysis was performed in a blinded fashion. The evaluation of inflammation
in the entire large intestine was performed by summation of the scores of the
different regions, with each region being graded from 0 to 4, based on the
degree of lamina propria and submucosal mononuclear cellular infiltration,
crypt hyperplasia, goblet cell depletion, and architectural distortion. The total
histology score represents the summation of the scores for the cecum, proxi-
mal colon, and distal colon, with a potential maximum score of 12.
Colonic tissue fragment and mesenteric lymph node cell cultures were
prepared as previously described (7), and details are provided in the sup-
plemental material.
Bacterial lysates. Lysates of each bacterial strain and the seven-bacte-
rium combination were prepared from individual colonies of E. coli, E.
faecalis, R. gnavus, B. vulgatus, F. prausnitzii, L. plantarum, and B. longum,
as previously described (11). Details are provided in the supplemental
material.
Cytokine measurements. The concentrations of gamma interferon
(IFN-), IL-12/23p40, and IL-17 in supernatants were measured in triplicate
by using enzyme-linked immunosorbent assays (ELISAs) from R&D Systems
(Minneapolis, MN). Details are provided in the supplemental material.
Bacterial DNA extraction. Bacterial DNA was extracted at different
time points (1, 2, 4, 8, and 12 weeks postcolonization) from the feces,
luminal contents, and tissues by using a phenol-chloroform extraction
method combined with physical disruption of bacterial cells and a DNA
cleanup kit (Qiagen DNeasy Blood and Tissue extraction kit [Qiagen,
Valencia, CA]), as previously described (19). Details are provided in the
supplemental material.
Quantitative real-time PCR. For quantitative PCR, species-specific
oligonucleotide primers were used to target bacterial species-specific hy-
pervariable regions of the 16S rRNA gene (see Table S1 in the supplemen-
tal material). Standard curves were generated for each bacterial species
and used to enumerate copy numbers in individual samples. Relative bac-
terial abundances from mean copy numbers for each bacterium were
compared among all four groups of colonized mice. Bacterial concentra-
tions were calculated as percentages relative to the total bacterial 16S
rRNA gene copy number, normalized to the 129 WT mouse group, and
expressed as mean fold changes  standard errors of the means (SEM).
Details are provided in the supplemental material.
Statistical analysis. Statistical analyses were performed using SPSS
12.0 for Windows (SPSS Inc., Chicago, IL). Parametric data were analyzed
by the independent Student t test. Nonparametric data (histologic scores)
were analyzed by the Mann-Whitney test. Statistical significance was de-
fined as having a P value of 0.05 for the comparisons indicated.
RESULTS
SIHUMI induces colitis in ex-GF IL-10/ mice, with greater
aggressiveness of colitis in 129 than in B6 mice. We investigated
whether SIHUMI induced colitis in selectively colonized gnotobi-
otic IL-10/ and WT mice on both the 129 and B6 backgrounds
and the relative aggressiveness of colitis in the two mouse strains.
Histologic colitis scores in the cecum and the proximal and distal
colon regions were evaluated 6 and 12 weeks after colonization
with SIHUMI. SIHUMI induced colitis in IL-10/ mice on both
the 129 and B6 backgrounds by 12 weeks of colonization (Fig. 1A).
IL-10/ 129 mice developed moderate colitis that was most ac-
tive in the distal colon (see Fig. S1 in the supplemental material).
Meanwhile, IL-10/ B6 mice developed mild colitis that was
most evident in the cecum. The degree of colitis was significantly
increased in 129 IL-10/ mice versus B6 IL-10/ mice (total
score, 6.2  0.6 versus 3.3  0.3; P  0.002), although there was
no significant difference in cecal inflammation between the two
groups. WT mice on both the 129 and B6 backgrounds had no
histological evidence of colitis at 12 weeks; therefore, colitis scores
were significantly increased in IL-10/ mice relative to WT
mice on both strain backgrounds. After 6 weeks of colonization,
SIHUMI induced mild pancolitis in IL-10/ 129 mice. In con-
trast, IL-10/ B6 mice had no histological evidence of colitis at 6
weeks (Fig. 1A; see Fig. S1 in the supplemental material).
We next addressed whether mucosal immune responses ac-
companied histological inflammation. IFN-, IL-12p40, and
IL-17 levels in the supernatants of unstimulated colonic tissue
explants at 6 and 12 weeks were measured by ELISA. After 12
weeks of SIHUMI colonization, spontaneous colonic secretion of
IFN-, IL-12p40, and IL-17 was significantly increased in IL-
10/ mice compared to WT 129 and B6 mice (Fig. 1B to D).
Significant increases in IFN-, IL-12p40, and IL-17 secretion
measured from colonic explant cultures were evident in 129 IL-
10/ mice relative to B6 IL-10/ mice, paralleling the degree of
histological inflammation. Six weeks after SIHUMI colonization,
spontaneous ex vivo colonic secretion of IFN-, IL-12p40, and
IL-17 was significantly increased in 129 IL-10/ mice relative to
B6 IL-10/ mice, whose cytokine levels were minimally elevated
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over those of WT mice. Levels of these proinflammatory cytokines
secreted from IL-10/ mice at 12 weeks were significantly in-
creased compared to levels from IL-10/ mice after 6 weeks of
colonization, except for an insignificant difference of IL-12p40
levels from 129 IL-10/ mice between 12 weeks and 6 weeks of
colonization (Fig. 1B to D).
Human enteric bacterial strains differentially stimulate mu-
rine immune responses, with E. coli and R. gnavus preferen-
tially inducing effector immune responses in IL-10/ mice. To
address whether SIHUMI-colonized mice exhibited bacterial an-
tigen-specific immune responses, we cultured MLN cells (isolated
from IL-10/ mice at 6 and 12 weeks of SIHUMI colonization)
with lysates of each of the seven bacterial species or a combination
lysate of all strains. After 12 weeks of SIHUMI colonization, un-
fractionated MLN cells from 129 or B6 IL-10/ mice produced
the highest IFN- levels when stimulated with E. coli lysate and
moderate levels of IFN- when stimulated with either the combi-
nation lysate or R. gnavus lysate (Fig. 2A). The levels of IFN-
secretion from stimulated MLN cells were consistently, but not
significantly, higher in 129 IL-10/ mice than in B6 IL-10/
mice. After 6 weeks of colonization, MLN cells from 129 IL-10/
mice predominantly produced IFN- when stimulated with the R.
gnavus, combination, or E. coli lysate. The levels of IFN- secre-
tion from stimulated MLN cells were lower in 129 IL-10/ mice
at 6 weeks than in 129 IL-10/ mice at 12 weeks, although there
was no statistically significant difference. IFN- secretion by MLN
cells in response to specific bacterial lysate stimulation was quite
low in B6 IL-10/ mice at 6 weeks of colonization (Fig. 2A).
Similar to the case for IFN- secretion, MLN cells from IL-
10/ mice on both the 129 and B6 backgrounds produced the
highest level of IL-12p40 when stimulated with E. coli lysate, and
the next highest levels were seen with combination, B. vulgatus,
and R. gnavus lysates (Fig. 2B). The levels of IL-12p40 secretion
from stimulated MLN cells were higher in 129 IL-10/ mice than
in B6 IL-10/ mice at 6 and 12 weeks of SIHUMI colonization,
but secretion levels of IL-12p40 in 129 IL-10/ mice colonized
for 6 and 12 weeks were similar. On the other hand, MLN cells
from IL-10/ mice on both strain backgrounds produced the
FIG 1 Blinded total histologic scores (A) and spontaneous secretion of IFN- (B), IL-12p40 (C), and IL-17 (D) by colonic tissue explants from WT and IL-10/
mice on the 129 and B6 backgrounds (n  4 to 6/group) after 6 and 12 weeks of SIHUMI colonization. The total histologic score represents the summation of
the scores for the cecum, proximal colon, and distal colon (see Fig. S1 in the supplemental material), with a potential maximum score of 12. Results show means 
standard errors of the means. *, P  0.05 versus 129 WT (12w) mice; **, P  0.05 versus B6 WT (12w) mice; †, P  0.05 versus 129 IL-10 (6w) mice; ‡, P  0.05
versus B6 IL-10 (6w) mice. 6w or 12w, mice at 6 or 12 weeks of colonization; IL-10, IL-10/ mice.
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highest levels of IL-17 when stimulated with the R. gnavus lysate or
combination lysate for 6 and 12 weeks. The levels of IL-17 secre-
tion from stimulated MLN cells were higher in 129 IL-10/ mice
than in B6 IL-10/ mice, especially at 6 weeks of SIHUMI colo-
nization (Fig. 2C).
Concentrations of individual SIHUMI species are deter-
mined by host genetic background and are related to colonic
inflammation. Next, we investigated whether intestinal bacterial
compositions are influenced by host genetic background, ana-
tomical distribution, and the presence of colonic inflammation.
Fecal bacterial concentrations were quantified by 16S rRNA gene-
based quantitative PCR at different times (1, 2, 4, 8, and 12 weeks),
and luminal contents and tissues of the cecum, colon, and distal
ileum were analyzed 12 weeks after SIHUMI colonization.
Quantification of bacterial concentrations in pooled feces con-
tained in two cages for each group showed that the seven human
bacterial species formed a stable community under gnotobiotic
conditions and that relative bacterial abundances changed over
time in the intestines of WT and IL-10/ mice on both the 129
and B6 backgrounds (Fig. 3; see Fig. S2 in the supplemental ma-
terial). During the first and second weeks of SIHUMI coloniza-
tion, the proportion of B. vulgatus was highest in all four groups.
Over time, the proportion of R. gnavus increased in the 129 WT,
129 IL-10/, and B6 IL-10/ mouse groups, to become a dom-
inant species with B. vulgatus. By 12 weeks of colonization, the
relative proportions of R. gnavus in 129 WT and IL-10/ mice
were higher than those of B. vulgatus, while the proportions of R.
gnavus in B6 WT and IL-10/ mice were lower than those of B.
vulgatus. In contrast, E. coli concentrations decreased slightly over
time and remained relatively low in all groups.
To determine relative differences in bacterial composition re-
lated to anatomical distribution, we compared relative bacterial
species abundances among ileal, cecal, and colonic luminal con-
tents and feces at 12 weeks of colonization. Relative bacterial spe-
cies abundances from cecal and colonic contents in all mouse
groups were similar to those in feces at 12 weeks, with R. gnavus
and B. vulgatus being the most predominant species, except in WT
B6 mice, where E. faecalis was more prevalent than R. gnavus (Fig.
4). In contrast, relative bacterial concentrations from ileal con-
tents in all four groups were considerably different from those in
feces at 12 weeks. The relative proportion of E. faecalis was highest
in the ileal contents of all groups, with contraction of R. gnavus
and B. vulgatus compared with colonic concentrations.
We next investigated differences in relative bacterial abun-
dances between luminal contents and mucosal tissues. In contrast
to the predominant proportions of R. gnavus and B. vulgatus in
cecal and colonic contents and feces, the proportions of B. longum
and L. plantarum in mucosal tissues were increased, with concom-
itant markedly decreased R. gnavus proportions, compared to the
case in luminal contents and feces (Fig. 5). B. vulgatus and E.
faecalis were other major components at all mucosal sites. These
differential patterns of relative bacterial species abundance were
consistent in ileal tissue, cecal tissue, and colonic tissue from all
four groups, in contrast to obvious differences in ileal versus co-
lonic luminal contents (Fig. 4) and in fecal bacterial profiles be-
tween 129 and B6 mice (Fig. 3 and 4).
To evaluate differences in specific bacterial profiles between
WT and IL-10/ mice and between 129 and B6 mice, we com-
pared specific bacterial levels, calculated as percentages relative to
the total bacterial 16S rRNA gene copy number, in the luminal
contents and mucosal tissues from the four murine groups (see
Fig. S3 and S4 in the supplemental material). Colonic and cecal
luminal concentrations of R. gnavus and F. prausnitzii were signif-
icantly increased in 129 WT and IL-10/ mice relative to those in
B6 WT and IL-10/ mice. Changes in other bacterial populations
were somewhat variable.
DISCUSSION
This study shows that a defined, simplified consortium of well-
characterized human enteric bacteria (SIHUMI), whose compo-
nents were chosen for their relevance to IBD, induces colitis in
selectively colonized ex-GF IL-10/ mice. We used this unique
model to explore host-microbe interactions, demonstrating that
the aggressiveness of colitis is greater in 129 than in B6 mouse
strains and that concentrations of individual SIHUMI species are
determined by host genetic background, anatomical distribution,
and the presence of colonic inflammation. In addition, human
FIG 2 Secretion of IFN- (A), IL-12p40 (B), and IL-17 (C) by MLN cells
stimulated with individual lysates of seven bacterial species or a combination
lysate of pooled bacterial species. Cells were obtained from 129 and B6 IL-
10/ mice (n  4 to 6/group) after 6 or 12 weeks of SIHUMI colonization.
Results show means  standard errors of the means. *, P  0.05 versus B6
(12w) mice with the same lysate stimulation; †, P  0.05 versus B6 (6w)
mice with the same lysate stimulation. Combination, combination lysate of 7
SIHUMI bacteria; EC, E. coli; EF, Enterococcus faecalis; RG, Ruminococcus gna-
vus; BV, Bacteroides vulgatus; FP, Faecalibacterium prausnitzii; BL, Bifidobac-
terium longum; LP, Lactobacillus plantarum.
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enteric bacterial strains differentially stimulate murine immune
responses, with E. coli and R. gnavus preferentially inducing TH1
and TH17 effector immune responses in IL-10/ mice. Impor-
tantly, the ability to induce TH1 and TH17 cell responses by bac-
terial lysates is not necessarily correlated with concentrations of
individual bacterial species, especially in mucosal tissues. Finally,
we demonstrated that luminal and mucosal bacterial profiles dif-
fer and are not reflected by fecal sampling; in particular, fecal
microbiota analysis does not effectively identify the ileal bacterial
community structure.
To investigate IBD-related microbiota-host interactions at a
fully defined but more complex interactive level than that with
monoassociated mouse models, we established a simplified hu-
man microbiota consortium, composed of 7 human-derived and
IBD-relevant gut bacteria, in WT and IL-10/ mice on 2 genetic
backgrounds. We demonstrated that this human microbiota
forms a stable community in the mouse intestine that is main-
tained under gnotobiotic conditions. Although several studies
have described simplified gnotobiotic rodent models containing 7
to 10 human bacteria or interactions between a commensal and
enteric pathogens, those studies primarily showed successful mi-
crobial colonization and metabolomic characterization in WT ro-
dents (14, 15, 20). In addition, “humanized” ex-GF mice colo-
nized with a complex human fecal microbiota have been used to
FIG 3 Relative abundances of seven SIHUMI bacterial species in feces from WT and IL-10/ mice on the 129 and B6 backgrounds (n  5 or 6/group) after 1,
2, 4, 8, and 12 weeks of SIHUMI colonization. F. praus, F. prausnitzii.
FIG 4 Relative abundances of seven SIHUMI bacteria among ileal contents, cecal contents, colonic contents, and feces from WT and IL-10/ mice on the 129
and B6 backgrounds (n  5 or 6/group) after 12 weeks of SIHUMI colonization.
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explore dietary effects on enteric bacterial composition and func-
tion (21). However, our study demonstrates for the first time that
a defined human bacterial consortium can induce colonic inflam-
mation and bacterium-driven TH1 and TH17 mucosal immune
responses in genetically susceptible gnotobiotic IL-10/ mice.
Previous studies showed that humanized mice (GF mice colo-
nized with human fecal samples) may more closely resemble GF
mice in many immunological traits than conventional mice and
that colonizing mice with a foreign microbiota cannot completely
restore immune defects seen in GF mice (22, 23). Our current
studies differ in that we induced immune-mediated inflammation
in genetically susceptible mice with a defined group of human enteric
bacterial strains relevant to IBD. Further studies using genetically sus-
ceptible mice colonized with human fecal samples will be needed to
confirm whether the complex human intestinal microbiota can in-
duce colonic inflammation and immune activation.
In the present study, we assessed the influence of host genetic
background on the severity of SIHUMI-induced colitis in suscep-
tible mice, using two widely used inbred mouse strains: 129 and
B6. After 6 and 12 weeks of SIHUMI colonization, the histological
aggressiveness of colitis, spontaneous colonic secretion of IFN-,
IL-12p40, and IL-17, and MLN cell immune activation by bacte-
rial lysates were significantly increased in 129 IL-10/ mice com-
pared to B6 IL-10/ mice. These results agree with previous re-
ports demonstrating that B6 mice are relatively resistant to colitis
in multiple models of acute and chronic intestinal inflammation,
whereas 129 mice are highly colitogenic (24–26). Although the
exact genetic loci responsible for colitis susceptibility have not
been identified completely in murine models (27, 28), our data
confirm that the host genetic background has a strong influence
on the aggressiveness of colitis and demonstrate differential ge-
netic susceptibility to chronic bacterium-induced, immune-me-
diated colitis.
Several human and murine studies have shown that host fac-
tors, including genetic polymorphisms, and environmental fac-
tors, such as maternal transmission, early life exposures, diet, in-
fections, and antibiotics, strongly influence the composition of the
intestinal microbiota (9, 29). However, deep-sequencing studies
of complex commensal microbiotas necessarily concentrate on
family and genus community structure rather than individual spe-
cies. In this study, we examined whether the intestinal bacterial
species composition in SIHUMI-colonized mice differs according
to host genetic background. Global microbial community struc-
tures and relative bacterial species abundances in feces, luminal
contents, and mucosal tissues were distinct between 129 and B6
strains that were colonized with identical bacterial species and
concentrations in the initial inocula. These data are consistent
with previous studies that showed that broad luminal microbial
populations are strongly affected by host-derived factors, includ-
ing host genetic background (30–33), but failed to document spe-
cies-specific changes. Similar to several previous reports (19, 34,
35), we also showed differences in bacterial species concentrations
between intestinal contents and mucosal tissues and between co-
lonic contents and ileal contents, indicating that host-derived fac-
tors are associated with changes in the composition and distribu-
tion of intestinal microbial communities.
Meanwhile, several studies indicate that the overall bacterial
composition changes with colonic inflammation (36–39), sug-
gesting that the inflamed mucosa and the altered inflammatory
milieu selectively affect growth and adherence of different bacte-
rial species. Our choice of bacterial species was guided in part by
studies showing expansion or contraction of certain bacterial pop-
ulations and experimental colitis in IL-10/ mice colonized with
complex SPF microbiotas (10, 40, 41). Our results demonstrated
differences in relative abundances of specific IBD-related bacterial
species between WT mice and IL-10/ mice with experimental
colitis, confirming that chronic immune-mediated intestinal in-
flammation is associated with compositional changes of the intes-
tinal microbiota putatively linked to disease pathogenesis. To our
surprise, luminal and mucosal E. coli concentrations did not ex-
FIG 5 Relative abundances of seven SIHUMI bacteria among ileal tissues, cecal tissues, and colonic tissues from WT and IL-10/ mice on the 129 and B6
backgrounds (n  5 or 6/group) after 12 weeks of SIHUMI colonization.
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pand during development of colitis in SIHUMI-colonized IL-
10/ mice, in contrast to the results of most sequencing studies,
which demonstrate consistent expansion of gammaproteobacte-
ria in IBD patients (1, 10, 40). It is important that our data were
generated using quantitative PCR analysis of the 16S rRNA gene.
Since the copy number of this gene varies between bacterial spe-
cies, it is possible that the reported abundances of specific bacteria
may differ. Since we cannot be sure that the PCR efficiencies of
each 16S rRNA copy will be equal, we did not integrate this phe-
nomenon into our calculations. Indeed, as it is impossible to de-
termine the copy number of all 16S rRNA genes from more com-
plex microbial communities (such as the intestinal microbiota),
this is an inherent issue with modern molecular analysis of micro-
bial ecosystems. Whether altered intestinal microbiota composi-
tion is a cause or a consequence of intestinal inflammation re-
mains to be determined.
To examine which bacteria primarily induce immune re-
sponses in SIHUMI-colonized IL-10/ mice, we stimulated
MLN cells isolated from SIHUMI-colonized mice with lysates of
each of the seven bacterial species or an aggregate lysate and
measured proinflammatory cytokines in the supernatants of stim-
ulated MLN cells. E. coli LF82 and R. gnavus predominantly in-
duced secretion of proinflammatory cytokines from ex vivo-stim-
ulated MLN cells. Interestingly, E. coli mainly induced secretion of
IFN- and IL-12p40, whereas R. gnavus primarily induced secre-
tion of IL-17. The E. coli LF82 strain used in our study is a proto-
type adherent-invasive E. coli (AIEC) strain originally isolated
from an ileal lesion of a CD patient (17) and is functionally differ-
ent from commensal enteric E. coli strains. AIEC strains are asso-
ciated with CD (42, 43), and the level of R. gnavus with mucolytic
activities is increased in a subset of CD patients (39, 44, 45). Our
results demonstrate that E. coli LF82 and R. gnavus predominantly
induce effector immune responses in IL-10/ mice, even though
the proportions of those bacteria in mucosal tissues of the distal
intestine are small. R. gnavus is one of the most abundant luminal
components in the colons of IL-10/ 129 and B6 mice, but E. coli
concentrations are relatively low. These results suggest that im-
munodominant bacterial species of a numerically small fraction of
the intestinal microbiota may primarily induce effector TH1 and
TH17 immune responses that mediate chronic intestinal inflam-
mation and that mucosally associated bacterial species are not
necessarily more immunologically active than luminal species.
Our findings suggest that future therapeutic and preventive strat-
egies to manipulate the commensal microbiota in IBD should
target bacterial species with immunodominant antigenic proper-
ties, in addition to correcting the dysbiosis in genetically suscep-
tible individuals.
Taken together, our results suggest that AIEC and R. gnavus
may play an important role in inducing chronic intestinal inflam-
mation in susceptible hosts and that colitogenic bacteria can dif-
ferentially induce TH1 and TH17 cell responses. Our results em-
phasize the need to identify tangentially relevant subsets of the
commensal microbiota that activate pathogenic T cell responses.
In summary, this study provides novel data showing that a
human bacterial consortium, SIHUMI, can induce bacterial anti-
gen-specific colitis in IL-10/ mice and that the ability to induce
effector TH1 and TH17 immune responses by enteric bacterial
species does not reflect the total bacterial number in the lumen or
mucosa. The aggressiveness of colitis depends on the host genetic
background. Our results support the important association of in-
testinal microbial composition with host genotype, anatomical
distribution, and colonic inflammation. Our humanized gnotobi-
otic model with SIHUMI is an important resource that can be
used in further clinically relevant studies to elucidate the mecha-
nisms by which CD-associated innate immunity genes regulate
the composition, spatial relationships, and function of a defined
intestinal microbiota and to investigate the impact of environ-
mental factors, such as diet, antibiotics, and nonsteroidal anti-
inflammatory drugs, on host immune responses, bacterial com-
munity structure and function, and colonic inflammation in IBD.
ACKNOWLEDGMENTS
This work was supported by the Crohn’s and Colitis Foundation of Amer-
ica (CCFA) Microbiome Initiative (R.B.S.), Gnotobiotic Facility (R.B.S.),
and Research Fellowship (Y.M.) awards and by NIH grants R01 DK53347,
P40 OD01099, and P30DK34987.
We thank Arlette Darfeuille-Michaud for providing E. coli LF82 and
members of the National Gnotobiotic Rodent Resource Center for animal
husbandry.
REFERENCES
1. Sartor RB. 2008. Microbial influences in inflammatory bowel diseases.
Gastroenterology 134:577–594. http://dx.doi.org/10.1053/j.gastro.2007
.11.059.
2. Khor B, Gardet A, Xavier RJ. 2011. Genetics and pathogenesis of inflam-
matory bowel disease. Nature 474:307–317. http://dx.doi.org/10.1038
/nature10209.
3. Nell S, Suerbaum S, Josenhans C. 2010. The impact of the microbiota on
the pathogenesis of IBD: lessons from mouse infection models. Nat. Rev.
Microbiol. 8:564 –577. http://dx.doi.org/10.1038/nrmicro2403.
4. Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermúdez-Humarán LG,
Gratadoux JJ, Blugeon S, Bridonneau C, Furet JP, Corthier G, Grang-
ette C, Vasquez N, Pochart P, Trugnan G, Thomas G, Blottière HM,
Doré J, Marteau P, Seksik P, Langella P. 2008. Faecalibacterium praus-
nitzii is an anti-inflammatory commensal bacterium identified by gut mi-
crobiota analysis of Crohn disease patients. Proc. Natl. Acad. Sci. U. S. A.
105:16731–16736. http://dx.doi.org/10.1073/pnas.0804812105.
5. Sellon RK, Tonkonogy S, Schultz M, Dieleman LA, Grenther W, Balish
E, Rennick DM, Sartor RB. 1998. Resident enteric bacteria are necessary
for development of spontaneous colitis and immune system activation in
interleukin-10-deficient mice. Infect. Immun. 66:5224 –5231.
6. Rath HC, Herfarth HH, Ikeda JS, Grenther WB, Hamm TE, Jr, Balish
E, Taurog JD, Hammer RE, Wilson KH, Sartor RB. 1996. Normal
luminal bacteria, especially Bacteroides species, mediate chronic colitis,
gastritis, and arthritis in HLA-B27/human beta2 microglobulin transgenic
rats. J. Clin. Invest. 98:945–953. http://dx.doi.org/10.1172/JCI118878.
7. Veltkamp C, Tonkonogy SL, De Jong YP, Albright C, Grenther WB,
Balish E, Terhorst C, Sartor RB. 2001. Continuous stimulation by nor-
mal luminal bacteria is essential for the development and perpetuation of
colitis in Tg(epsilon26) mice. Gastroenterology 120:900 –913. http://dx
.doi.org/10.1053/gast.2001.22547.
8. Taurog JD, Richardson JA, Croft JT, Simmons WA, Zhou M, Fernán-
dez-Sueiro JL, Balish E, Hammer RE. 1994. The germfree state prevents
development of gut and joint inflammatory disease in HLA-B27 trans-
genic rats. J. Exp. Med. 180:2359 –2364. http://dx.doi.org/10.1084/jem
.180.6.2359.
9. Hansen J, Gulati A, Sartor RB. 2010. The role of mucosal immunity and host
genetics in defining intestinal commensal bacteria. Curr. Opin. Gastroen-
terol. 26:564–571. http://dx.doi.org/10.1097/MOG.0b013e32833f1195.
10. Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N,
Pace NR. 2007. Molecular-phylogenetic characterization of microbial
community imbalances in human inflammatory bowel diseases. Proc.
Natl. Acad. Sci. U. S. A. 104:13780 –13785. http://dx.doi.org/10.1073
/pnas.0706625104.
11. Kim SC, Tonkonogy SL, Albright CA, Tsang J, Balish EJ, Braun J,
Huycke MM, Sartor RB. 2005. Variable phenotypes of enterocolitis in
interleukin 10-deficient mice monoassociated with two different com-
mensal bacteria. Gastroenterology 128:891–906. http://dx.doi.org/10
.1053/j.gastro.2005.02.009.
Defined Human Bacteria Induce Colitis in IL-10/ Mice
June 2014 Volume 82 Number 6 iai.asm.org 2245
12. Kim SC, Tonkonogy SL, Karrasch T, Jobin C, Sartor RB. 2007. Dual-
association of gnotobiotic IL-10/ mice with 2 nonpathogenic commen-
sal bacteria induces aggressive pancolitis. Inflamm. Bowel Dis. 13:1457–
1466. http://dx.doi.org/10.1002/ibd.20246.
13. Bloom SM, Bijanki VN, Nava GM, Sun L, Malvin NP, Donermeyer DL,
Dunne WM, Jr, Allen PM, Stappenbeck TS. 2011. Commensal Bacte-
roides species induce colitis in host-genotype-specific fashion in a mouse
model of inflammatory bowel disease. Cell Host Microbe 9:390 – 403.
http://dx.doi.org/10.1016/j.chom.2011.04.009.
14. Becker N, Kunath J, Loh G, Blaut M. 2011. Human intestinal microbi-
ota: characterization of a simplified and stable gnotobiotic rat model. Gut
Microbes 2:25–33. http://dx.doi.org/10.4161/gmic.2.1.14651.
15. Rezzonico E, Mestdagh R, Delley M, Combremont S, Dumas ME,
Holmes E, Nicholson J, Bibiloni R. 2011. Bacterial adaptation to the gut
environment favors successful colonization: microbial and metabonomic
characterization of a simplified microbiota mouse model. Gut Microbes
2:307–318. http://dx.doi.org/10.4161/gmic.18754.
16. Wohlgemuth S, Bower M, Gulati A, Sartor RB. 2011. Simplified human
microbiota—a humanized gnotobiotic rodent model to study complex
microbe-host interactions in ileal Crohn’s disease. Inflamm. Bowel Dis.
17(Suppl 2):S75.
17. Darfeuille-Michaud A, Boudeau J, Bulois P, Neut C, Glasser AL, Bar-
nich N, Bringer MA, Swidsinski A, Beaugerie L, Colombel JF. 2004.
High prevalence of adherent-invasive Escherichia coli associated with ileal
mucosa in Crohn’s disease. Gastroenterology 127:412– 421. http://dx.doi
.org/10.1053/j.gastro.2004.04.061.
18. Balish E, Warner T. 2002. Enterococcus faecalis induces inflammatory
bowel disease in interleukin-10 knockout mice. Am. J. Pathol. 160:2253–
2257. http://dx.doi.org/10.1016/S0002-9440(10)61172-8.
19. Carroll IM, Ringel-Kulka T, Keku TO, Chang YH, Packey CD, Sartor
RB, Ringel Y. 2011. Molecular analysis of the luminal- and mucosal-
associated intestinal microbiota in diarrhea-predominant irritable bowel
syndrome. Am. J. Physiol. Gastrointest. Liver Physiol. 301:G799 –G807.
http://dx.doi.org/10.1152/ajpgi.00154.2011.
20. Ng KM, Ferreyra JA, Higginbottom SK, Lynch JB, Kashyap PC, Gopi-
nath S, Naidu N, Choudhury B, Weimer BC, Monack DM, Sonnenburg
JL. 2013. Microbiota-liberated host sugars facilitate post-antibiotic ex-
pansion of enteric pathogens. Nature 502:96 –99. http://dx.doi.org/10
.1038/nature12503.
21. Faith JJ, McNulty NP, Rey FE, Gordon JI. 2011. Predicting a human gut
microbiota’s response to diet in gnotobiotic mice. Science 333:101–104.
http://dx.doi.org/10.1126/science.1206025.
22. Chung H, Pamp SJ, Hill JA, Surana NK, Edelman SM, Troy EB,
Reading NC, Villablanca EJ, Wang S, Mora JR, Umesaki Y, Mathis D,
Benoist C, Relman DA, Kasper DL. 2012. Gut immune maturation
depends on colonization with a host-specific microbiota. Cell 149:1578 –
1593. http://dx.doi.org/10.1016/j.cell.2012.04.037.
23. Gaboriau-Routhiau V, Rakotobe S, Lécuyer E, Mulder I, Lan A, Bri-
donneau C, Rochet V, Pisi A, De Paepe M, Brandi G, Eberl G, Snel J,
Kelly D, Cerf-Bensussan N. 2009. The key role of segmented filamentous
bacteria in the coordinated maturation of gut helper T cell responses.
Immunity 31:677– 689. http://dx.doi.org/10.1016/j.immuni.2009.08.020.
24. Berg DJ, Davidson N, Kühn R, Müller W, Menon S, Holland G,
Thompson-Snipes L, Leach MW, Rennick D. 1996. Enterocolitis and
colon cancer in interleukin-10-deficient mice are associated with aberrant
cytokine production and CD4() TH1-like responses. J. Clin. Invest. 98:
1010 –1020. http://dx.doi.org/10.1172/JCI118861.
25. Peña JA, Thompson-Snipes L, Calkins PR, Tatevian N, Puppi M,
Finegold MJ. 2009. Alterations in myeloid dendritic cell innate immune
responses in the Galphai2-deficient mouse model of colitis. Inflamm.
Bowel Dis. 15:248 –260. http://dx.doi.org/10.1002/ibd.20744.
26. Mähler M, Bristol IJ, Sundberg JP, Churchill GA, Birkenmeier EH,
Elson CO, Leiter EH. 1999. Genetic analysis of susceptibility to dextran
sulfate sodium-induced colitis in mice. Genomics 55:147–156. http://dx
.doi.org/10.1006/geno.1998.5636.
27. Beckwith J, Cong Y, Sundberg JP, Elson CO, Leiter EH. 2005. Cdcs1, a
major colitogenic locus in mice, regulates innate and adaptive immune
response to enteric bacterial antigens. Gastroenterology 129:1473–1484.
http://dx.doi.org/10.1053/j.gastro.2005.07.057.
28. Farmer MA, Sundberg JP, Bristol IJ, Churchill GA, Li R, Elson CO,
Leiter EH. 2001. A major quantitative trait locus on chromosome 3 con-
trols colitis severity in IL-10-deficient mice. Proc. Natl. Acad. Sci. U. S. A.
98:13820 –13825. http://dx.doi.org/10.1073/pnas.241258698.
29. Sartor RB. 2010. Genetics and environmental interactions shape the in-
testinal microbiome to promote inflammatory bowel disease versus mu-
cosal homeostasis. Gastroenterology 139:1816 –1819. http://dx.doi.org/10
.1053/j.gastro.2010.10.036.
30. Rawls JF, Mahowald MA, Ley RE, Gordon JI. 2006. Reciprocal gut
microbiota transplants from zebrafish and mice to germ-free recipients
reveal host habitat selection. Cell 127:423– 433. http://dx.doi.org/10.1016
/j.cell.2006.08.043.
31. Gulati AS, Shanahan MT, Arthur JC, Grossniklaus E, von Furstenberg RJ,
Kreuk L, Henning SJ, Jobin C, Sartor RB. 2012. Mouse background strain
profoundly influences Paneth cell function and intestinal microbial compo-
sition. PLoS One 7:e32403. http://dx.doi.org/10.1371/journal.pone.0032403.
32. Esworthy RS, Smith DD, Chu FF. 2010. A strong impact of genetic
background on gut microflora in mice. Int. J. Inflamm. 2010:986046. http:
//dx.doi.org/10.4061/2010/986046.
33. Kovacs A, Ben-Jacob N, Tayem H, Halperin E, Iraqi FA, Gophna U.
2011. Genotype is a stronger determinant than sex of the mouse gut mi-
crobiota. Microb. Ecol. 61:423– 428. http://dx.doi.org/10.1007/s00248
-010-9787-2.
34. Zoetendal EG, von Wright A, Vilpponen-Salmela T, Ben-Amor K,
Akkermans AD, de Vos WM. 2002. Mucosa-associated bacteria in the
human gastrointestinal tract are uniformly distributed along the colon
and differ from the community recovered from feces. Appl. Environ. Mi-
crobiol. 68:3401–3407. http://dx.doi.org/10.1128/AEM.68.7.3401-3407
.2002.
35. Durbán A, Abellán JJ, Jiménez-Hernández N, Ponce M, Ponce J, Sala T,
D’Auria G, Latorre A, Moya A. 2011. Assessing gut microbial diversity
from feces and rectal mucosa. Microb. Ecol. 61:123–133. http://dx.doi.org
/10.1007/s00248-010-9738-y.
36. Lupp C, Robertson ML, Wickham ME, Sekirov I, Champion OL,
Gaynor EC, Finlay BB. 2007. Host-mediated inflammation disrupts the
intestinal microbiota and promotes the overgrowth of Enterobacteriaceae.
Cell Host Microbe 2:119 –129. http://dx.doi.org/10.1016/j.chom.2007.06
.010.
37. Swidsinski A, Loening-Baucke V, Lochs H, Hale LP. 2005. Spatial
organization of bacterial flora in normal and inflamed intestine: a fluores-
cence in situ hybridization study in mice. World J. Gastroenterol. 11:
1131–1140.
38. Bibiloni R, Simon MA, Albright C, Sartor B, Tannock GW. 2005.
Analysis of the large bowel microbiota of colitic mice using PCR/DGGE.
Lett. Appl. Microbiol. 41:45–51. http://dx.doi.org/10.1111/j.1472-765X
.2005.01720.x.
39. Sokol H, Lepage P, Seksik P, Doré J, Marteau P. 2007. Molecular
comparison of dominant microbiota associated with injured versus
healthy mucosa in ulcerative colitis. Gut 56:152–154. http://dx.doi.org/10
.1136/gut.2006.109686.
40. Willing BP, Dicksved J, Halfvarson J, Andersson AF, Lucio M, Zheng Z,
Järnerot G, Tysk C, Jansson JK, Engstrand L. 2010. A pyrosequencing
study in twins shows that gastrointestinal microbial profiles vary with
inflammatory bowel disease phenotypes. Gastroenterology 139:1844 –
1854. http://dx.doi.org/10.1053/j.gastro.2010.08.049.
41. Arthur JC, Perez-Chanona E, Mühlbauer M, Tomkovich S, Uronis JM,
Fan TJ, Campbell BJ, Abujamel T, Dogan B, Rogers AB, Rhodes JM,
Stintzi A, Simpson KW, Hansen JJ, Keku TO, Fodor AA, Jobin C. 2012.
Intestinal inflammation targets cancer-inducing activity of the microbi-
ota. Science 338:120 –123. http://dx.doi.org/10.1126/science.1224820.
42. Carvalho FA, Barnich N, Sivignon A, Darcha C, Chan CH, Stanners CP,
Darfeuille-Michaud A. 2009. Crohn’s disease adherent-invasive Esche-
richia coli colonize and induce strong gut inflammation in transgenic mice
expressing human CEACAM. J. Exp. Med. 206:2179 –2189. http://dx.doi
.org/10.1084/jem.20090741.
43. Wine E, Ossa JC, Gray-Owen SD, Sherman PM. 2010. Adherent-
invasive Escherichia coli target the epithelial barrier. Gut Microbes 1:80 –
84. http://dx.doi.org/10.4161/gmic.1.2.11142.
44. Prindiville T, Cantrell M, Wilson KH. 2004. Ribosomal DNA sequence
analysis of mucosa-associated bacteria in Crohn’s disease. Inflamm. Bowel
Dis. 10:824 – 833. http://dx.doi.org/10.1097/00054725-200411000-00017.
45. Png CW, Lindén SK, Gilshenan KS, Zoetendal EG, McSweeney CS, Sly
LI, McGuckin MA, Florin TH. 2010. Mucolytic bacteria with increased
prevalence in IBD mucosa augment in vitro utilization of mucin by other
bacteria. Am. J. Gastroenterol. 105:2420 –2428. http://dx.doi.org/10.1038
/ajg.2010.281.
Eun et al.
2246 iai.asm.org Infection and Immunity
